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FOREWORD

Today's rapidly devel opi ng and changi ng technol ogi es and
i ndustrial products and practices frequently carry with themthe
i ncreased generation of materials that, if inproperly dealt wth,
can threaten both public health and the environnent. The U. S.
Environnental Protection Agency is charged by Congress with
protecting the Nation's land, air and water systens. Under a
mandat e of national environnental |aws, the agency strives to
formul ate and i npl enent actions |eading to a conpati bl e bal ance
bet ween human activities and the ability of natural systens to
support and nurture life. These laws direct the EPA to perform
research to define our environmental problens, neasure the
i npacts, and search for solutions.

The Ri sk Reduction Engi neering Laboratory is responsible for
pl anni ng, inplenmentation, and nmanagenent of research,
devel opnent, and denonstration prograns to provide an
authoritative, defensible engineering basis in support of the
policies, prograns, and regul ations of the EPA with respect to
dri nki ng water, wastewater, pesticides, toxic substances, solid
and hazardous wastes, and Superfund-related activities. This
publication is one of the products of that research and provides
a vital comunication |ink between the researcher and the user
comunity.

Li mest one contactors have been shown to be an effective and
econoni cal water treatnment device for reducing the tendency of
wat er to dissolve corrosion by-products, such as |ead, copper,
and zinc, fromsurfaces in piping systems. Models used to design
I i mestone contactors nust predict the effect of a nunber of



factors on the rate of carbonate mneral dissolution fromthe
stone. This report describes the results of a study to determ ne
the effect of |imestone conposition and water tenperature on the
carbonate m neral dissolution rate.

E. Tinmothy Oppelt, Director
Ri sk Reducti on Engi neering
Laborat ory



ABSTRACT

The rate of carbonate mneral dissolution fromlimnmestone was
studied using a rotating di sk apparatus and sanples of |inestone
of varied conposition. The purpose of this study was to determ ne
the effect of |inmestone conposition on the kinetics of carbonate
m neral dissolution. The results are needed to i nprove the
rel ati onshi ps used to design |linestone contactors for long term
oper ati on.

The stone sanples wth the highest calcite content and
| owest dolomite content had the highest initial rates of
di ssolution. The magnitude of the overall dissolution rate
constant for fresh stone decreased by approximately 60% as the
calcite content of the stone decreased from0.92 to 0.09 g
CaCQO,/ g stone.

The overall dissolution rate constant decreased as the
anount of cal cium di ssolved fromthe surface of the stone
i ncreased. Analysis of several stone surfaces indicated that a
residue layer of alum num silicon and iron fornmed as cal ci um
di ssol ved.

For a given anount of cal cium dissolved per unit area of
stone surface, the magnitude of the decrease in the dissolution
rate constant increased as the initial anount of iron and
alumi numin the stone increased. The results suggest that the
effect of sanple aging on the rate of dissolution is at a m ninum
I f the weighted sumof the Fe and Al content of the stone is |ess
t han about 10 ng/g. The weighted sumis equal to the al um num
content in ng Al/g plus 0.30 times the iron content in ng Fe/g.

This report was submtted in fulfillnment of CR814926 by
Syracuse University under the sponsorship of the U S
Envi ronnental Protection Agency. This report covers a period from
July 1988 to June 1993 and work was conpl eted as of June 30,

1993.
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CHAPTER |
| NTRODUCTI ON
1.1 BACKGROUND

A limestone contactor is a treatnment device in which water
fl ows through and dissolves carbonate mnerals (typically cal cium
carbonate) from a packed bed of crushed |inmestone. D ssolution of
cal cium carbonate (under a cl osed-to-atnospheric-carbon di oxi de
condition) increases the pH, alkalinity and dissolved inorganic
carbon concentration of the water and depl etes the anount of
cal cium carbonate in the bed. Linestone contactors are sinple,
| ow- cost devices, which usually require m ni mal naintenance and
are, therefore, especially suitable for small water supplies. In
an earlier study sponsored by the United States Environnental
Protecti on Agency (USEPA), it was shown that |inestone contactors
can effectively reduce the dissolution of corrosion by-products,
such as | ead, copper and zinc, from surfaces in piping systens
(Letterman et al., 1987).

The results of the USEPA sponsored study (Letterman et al.,
1987) were used to derive and test a mathematical nodel for
designing |inmestone contactors. The nodel relates the depth of
| i mestone required in a contactor to the desired effluent water
chem stry, influent water chem stry, linmestone particle size and
shape, |linmestone bed porosity, and water tenperature and
superficial velocity. The nodel assunes that the kinetics of
cal cium carbonate dissolution is determ ned by a heterogeneous
reaction, the rate of which is determ ned by a cal ciumion nass
transfer resistance and a surface reaction acting in series
(Letterman et al., 1991).

In a study that followed the USEPA sponsored investigation,
Haddad (1986) nonitored the | ong-term operation of a contactor
contai ning a somewhat inpure, high-calciumlinestone. Haddad's
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st eady-state nodel predicted the initial performance of the
col umm when the |Iinestone was fresh, however, as the unit was
operated for a period of several nonths the effluent pH,

al kalinity and calciumion concentration decreased bel ow t he
initial val ues.

Haddad (1986) used a scanning el ectron mcroscope with an
attachnment for x-ray energy spectroscopy to anal yze the surfaces
of particles of |inmestone fromthe contactor enployed in the
| ong-term study. He found that the dissolution of calcium
carbonate significantly increased the anpunts of alum num
silicon and iron at the linestone surface. He concluded that as
cal ci um carbonate dissolved fromthe stone the rate of
di ssol ution decreased because relatively insoluble inpurities
such as silica, alumno-silicates and al um num and iron
oxi des/ hydr oxi des remai ned on the surface and formed a "residue
| ayer”. As the residue |layer increased in thickness, it tended to
decrease the rate of transport of calciumion fromthe cal ci um
carbonate surface to the bulk solution and this caused the
performance of the contactor to decrease with tine.

Field experinments have shown (Letterman et al., 1987) that
the tenperature of the water flow ng through a |inestone
contactor can affect its performance. For a given set of design
and operating conditions, contactor performance decreased with
decreasi ng tenperature.

In rotating di sk experinments conducted by Sjo6berg and
Ri ckard (1983) and Lund (1975), the rate of calcite dissolution
decreased with decreasing tenperature. The extent to which a
gi ven tenperature change affected the rate of dissolution varied
with the rate limting step in the dissolution process. At |ow pH
(2 to 4) where the dissolution rate was mass transfer controll ed,
the effect of tenperature was | ess than at high pH where the rate
was apparently controlled by a conbination of transport and
surface reaction resistances. Relationships are avail able for
correcting mass transfer coefficients for tenperature, however,
the effect of tenperature on the surface reaction rate constant

2



for calcite dissolving fromlinestone is not known. This limts
t he useful ness of Haddad' s contactor design nodel .

1.2 PRQJECT PURPCSE

The purpose of this study was to: 1) determ ne the effect of
| i mest one conposition, especially the dolomite and inpurity
content of the stone, on the kinetics of carbonate m neral
di ssolution, and 2) determne the effect of tenperature on the
rate of dissolution of calcite fromlinmestone. The results are
needed to i nprove rel ationships used in conputer prograns for
designing |inestone contactors.

1. 3 PRQJECT DESCRI PTI ON

The dissolution rate experinments were conducted with a 2-
liter, tenperature-controlled batch reactor and rotating di sk
appar atus. Sanples of solution were withdrawn fromthe reactor as
carbonate mnerals dissolved fromthe disk surface. The cal ci um
and magnesi um concentrations in the sanples were used to
determ ne dissolution rate constants as a function of the
conposition of the stone sanple, the anount of carbonate m nera
di ssolved fromthe sanple, and the tenperature of the sol ution.
Bet ween di ssolution rate experinents, the stone sanples were
"aged" by controlled dissolution in dilute acid solutions. The
| i mestone ranged in conposition froma white, calcitic Vernont
marble with a significant amount of insoluble silica to
sedinmentary |inestones that consisted of approximtely 100
percent calcite (CaCQ,) to essentially pure dolomte (CaMy(CO,),).
The al um num and iron content of the sedinentary stones was a
vari abl e.

The rotating di sk apparatus was used in these experinents
i nstead of |inestone contactors because it is difficult to
economcally study the effect of the anbunt of m neral dissolved
on di ssolution kinetics using a continuous-flow, packed-bed
device. Gven the objectives of this study, contactor operation
woul d have required a significant nunber of contactors, |arge

3



gquantities of water and | ong operational periods to obtain
meani ngful results.



CHAPTER 2
CONCLUSI ONS

The het erogeneous reaction nodel of Rickard and Sj6berg
(1983) explained the dissolution rate data for all sanples
except the two with the highest dolonmte (CaMy(CQO),)
content. The heterogeneous reaction nodel assunes that the
rate of carbonate mineral dissolution is controlled by a
cation mass transfer resistance and a surface reaction
acting in series. For calcite (CaCQO,) and the experinental
conditions of this study, the surface reaction rate was
relatively large and the rate of dissolution was essentially
mass transfer controll ed.

According to the literature and the results of this study, a
calciumion diffusivity of 0.8 x 10° cn¥/s (at 25°C) can be
used to predict the nass transfer resistance in the

het er ogenous reaction rate nodel. This value is now being
used in the contactor design program DESCON.

The stone sanples wth the highest calcite content and

| owest dolonmite content had the highest initial rates of

di ssolution. The magni tude of the overall dissolution rate
constant for fresh stone decreased by approxi mately 60% as
the calcite content of the stone decreased fromO0.92 to 0.09
g CaCG,/ g stone.

When the high dolomte content sanples were fresh, it
appeared that the cal cium carbonate conponent of the

dol om te dissolved faster than the magnesi um car bonat e
conponent. This phenonmenon has been reported by Plumer and
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Busenberg (1982). The rate of dissolution of magnesi um was
negligible in all sanples except the high dolonmte content
sanples (93 and 100 mass percent dolomite).

The rate of dissolution of stones with high anpunts of

dol omite may be enhanced by the presence of snmall ampunts of
calcite. For exanple, the stone that was essentially pure
dolomte had a value of the initial overall dissolution rate
constant that was 66% | ess than the value for another
dolomitic stone with approximtely 9% cal cite.

The overall dissolution rate constant decreased as the
anount of cal cium di ssolved fromthe surface of the stone

i ncreased. Anal ysis of several stone surfaces by scanning
el ectron m croscopy and x-ray energy spectroscopy indicated
that the density of calciumatons on the surface of the
stone decreased and the density of alum num silicon and
iron increased as cal ci um di ssol ved.

For a given anmount of cal cium dissolved per unit area of
stone surface, the nmagnitude of the decrease in the overal

di ssolution rate constant increased as the anmount of iron
and alum numin the stone increased. For a stone with | ess
than 8 ng Fe/g and 2 ng Al/g, the decrease for 2 ng Ca

di ssol ved/ cnt was about 10% while the decrease was over 70%
for a stone with 160 ng Fe/g and 50 ng Al/g. The approxi nate
iron content of the thirteen stone sanples used in the study
ranged from 15 to 377 ng Fe/ 100g and t he approxi nate

al um num content from1l to 134 ng Al /100g.

The results suggest that the effect of sanple aging on the
rate of dissolutionis a mninumif the weighted sumof the
Fe and Al content of the stone is |less than about 10 ny/g.
The wei ghted sumis equal to the alum numcontent in ng Al/g
plus 0.30 tines the iron content in ng Fe/g. To mnimze the
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10.

11.

12.

negative effect of mneral dissolution and residue-I|ayer
bui |l d-up on the performance of a |inestone contactor during
| ong-term operation, the iron and al um num content shoul d be
| ess than this weighted sum

The presence of silica as the principal inpurity in the
white marbl e sanple (35 nass percent silica) did not appear
to cause a reduction in the dissolution rate of the calcite
surface. It sinply reduced the effective surface area of the
calcite in proportion to the mass of silica in the sanple.
The contactor desi gn program DESCON reduces the carbonate

m neral surface area according to the amount (nass percent)
of silica in the stone.

The effect of tenperature on the rate of dissolution of
calcite was studied in the range of 5° to 25°C using one of
the purer calcitic stone (94.5% CaCQO,). The dissolution rate
decreased with decreasing tenperature. The overal

di ssolution rate constant at 5°C was 0.38 x 10® cnls and
2.80 x 10 cm's at 25°C.

The het erogeneous reaction nodel was used with the overal
di ssolution rate constant versus tenperature data to
determ ne the apparent activation energy (E,) for the
surface reaction rate constant. The val ue determ ned, E, =
101 kJd/nol, is significantly greater than values in the
literature (30 to 60 kJ/nol). The exact reason for this

di screpancy is not known but could be attributed to
conpositional and crystall ographic differences between the
stones used in the studies conpared.

The effective solubility product for calciumcarbonate in
limestone is an inportant paraneter in the design program
DESCON. Val ues of this paraneter were determ ned using a
nunber of the stone sanples and a set of open-to-
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at nospheri c- CO,, batch-reactor dissolution experinents. The
results ranged fromK, = 1.5 x 10° to 6.3 x 10° (1=0,
T=25°C) or pK,, = 8.20 to 8.81. In the solubility product
experinments the final concentrations of magnesi um were

al ways significantly less than the final concentrations of
calcium even for the stones with the highest dolomte
content. It is not known exactly why this occurred but it
may be associated with the small anount of cal ci um di ssol ved
per unit area of stone at equilibrium (= 0.5 ng Ca/cnt). The
i ncongruent dissolution of calciumfromthe dolonmte
surfaces may have been a factor. The magnitude of K, for
calcite did not seemto be affected by the anmount of
dolomte in the stone.



CHAPTER 3
RECOMVENDATI ONS

It is not known to what extent, if any, biological filns on
t he stone packing affect the performance of a |inestone
contactor. Limted data fromlaboratory and field

i nvestigati ons do not support a conclusion that biological
films are a significant factor. Future study should exam ne
the effect of biological filmformation on the kinetics of
m neral dissolution. Recent work sponsored by the Anerican
Wat er Wor ks Associ ati on Research Foundation on bio-filnms in
wat er treatnent systens could provide a starting point.

It is well known that conpounds such as orthophosphate
adsorb on cal cium carbonate surfaces and reduce the rate of
m neral dissolution. Future study should determne if this
phenonmenon is an inportant consideration in |inestone
contactor design and operation.

Wil e effective methods, such as the conputer program
DESCON, are available for |inestone contactor design, the
chem cal and physical quantities needed as input to the
program are sonetines difficult for potential users such as
the officials of small communities and sone state regul atory
officials to determ ne. Al so, sone potential users do not
have a personal conputer. A future investigation m ght use
the nore detail ed and exact design tools (such as DESCON)
and practical ranges of input paraneters (raw water

chem stry, stone characteristics, etc.) to devel op sinple,
conservative nmethods for contactor design.



Ot hophosphat e has been shown to be an effective additive
for corrosion control in water distribution and hone

pl unbi ng systens. Packed-bed contactors filled with slightly
sol ubl e phosphat e-contai ning mnerals should be investigated
as devices for orthophosphate addition at small water supply
syst ens.

Contactor treatnment has the potential to be conbined in one
unit with other treatnment processes such as slow sand
filtration or packed-beds of netal oxides that adsorb
natural organics. This is an interesting avenue for future
resear ch.

It is generally assunmed that |inmestone contactor treatnent

is very cheap, however, accurate cost anal yses have not been
prepared. Future research should consider this.
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CHAPTER 4
LI TERATURE REVI EW

4.0 M NERAL AND LI MESTONE DI SSOLUTI ON KI NETI CS

4.0.1 Introduction

Li mestone dissolution kinetics is inportant in understanding
probl enms such as geochem cal weathering (Plumer and W gl ey,
1976; Berner and Morse, 1974), the distribution of carbonate
sediments in marine environnents (Berner and Mrse, 1974), flue
gas desul furization (Chan and Rochelle, 1982), the Iim ng of
acidified natural waters (Bjerle and Rochelle, 1982) and the
design of |inestone contactors. Linmestone or calcite dissolution
has been studied using rotating disks (Plunmer et al., 1978;
Sj 6berg and Ri ckard, 1983), rotating cylinders (Wallin and
Bjerle, 1989a; Schott et al., 1989), and agitated batch reactors
cont ai ning crushed |inestone particles (Plumrer and W gl ey,
1976) .

The rate of carbonate mneral dissolution is determ ned by
t he physical and chem cal characteristics of the stone, including
the type and anount of inpurities and the m neral
crystal |l ography. The chem stry and tenperature of the solution
are al so inportant.

4.0.2 lnpurities in Linestone

Nat ural |imestones contain varying amounts of inpurities
(Boynton, 1980). Inpurities can be classified as either
honobgeneous or het erogeneous. Honpbgeneous inpurities are usually
silt, sand or clay (or other forns of silica such as quartz) that
entered the stone when it was first deposited and are therefore
uniformy distributed throughout the formation. Heterogeneous
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inmpurities are contam nants that have accunul at ed between the
strata or are | oosely enbedded in the stone.

The nost common inpurities in |inestone are silicon and
alum num followed by iron. Silicon is usually present as silica
or with alumnumin alum no-silicate mnerals. Al um numnmy al so
be present as alumna. Iron may exi st as an iron carbonate or
iron oxide, distributed heterogeneously frommnerals such as
pyrite or linmonite. Other, usually much | ess significant,
contam nants include nanganese, copper, titanium sodium and
pot assi um ( Boynt on, 1980).

Murray et al. (1954) anal yzed 45 hi gh-cal cium | i nestone
sanpl es and found nmeasurabl e anbunts of silica, alumna, and
magnesi um oxi de in each of them Potassium sodium and sul fur
were detected in sone sanples. A spectrographic analysis of 25 of
the 45 sanples indicated that iron, barium strontiumand tin
were al so present.

Rel atively pure linmestones tend to develop a thin, |ight-
covered crust when weathered. Inpure varieties, especially those
containing iron, weather yellow sh or brown, and if there is nuch
clay or sand, an obvious crust is fornmed. According to North
(1930), weathering involves the renoval to solution of the
cal ci um carbonate fraction of the stone and, if nuch insol uble
material is present, it tends to remain behind, formng a
superficial layer usually different in color fromthe unweat hered
r ock.

4.0.3 Mathematical Mdels of Dissolution Kinetics

A nunber of nodels have been devel oped for predicting the
rate of cal cium carbonate dissolution in aqueous systens. Sone of
these are entirely enpirical (Sj6berg, 1976), and sone have a
partial basis in fundanental principles (Plunmmer et al., 1979;
Bjerl e and Rochelle, 1984). The potential for transport control
of calcite dissolution has been recogni zed by many investigators
(King and Liu, 1933; Tom naga et al., 1939; Kaye, 1957; Weyl,
1958; N erode and WIlianms, 1971; Berner and Mrse, 1974; Lund et

12



al ., 1975; Plunmer and Wgley, 1976; Bjerle and Rochelle, 1984;
Chan and Rochelle, 1982; Wallin and Bjerle, 1989b; Haddad, 1986).
There is sonme agreenent that in neutral to al kaline solutions the
di ssolution of calcite is controlled by m xed kinetics in which
the rate depends on both a surface chem cal reaction and the
transport of reactants and/or products to or fromthe reaction
sites (S 6berg and Ri ckard, 1983, 1984a, b, 1985; Berner and
Morse, 1974; Plumrer et al., 1978; Conpton and Daly, 1984).
Haddad (1986) concluded that predicting the rate of calcitic

i mestone dissolution in a packed-bed contactor requires

know edge of both the hydrodynam ¢ mass transport properties of
the m neral -water system and the kinetics of the heterogenous
reaction at the calcite surface.

Most exi sting nodels of calcite dissolution are based on
results obtained using large crystals of essentially pure
calcite. For exanple, a nunber of studies have been done with
| cel and spar. The direct application of these results to the
di ssolution of calcite crystals in linmestone is questionable.

D fferences between |inestone and pure calcite that may affect
di ssolution kinetics include: (a) inpurities in the |inestone
such as silica, alum numand iron, (b) crystal growmh histories
and defects, and (c) crystal grain sizes.

4.0.4 Effect of Stone Conposition and Crystall ography on

Di ssolution Kinetics

The effect of inpurities on the dissolution rate of
I i mestone has not been studi ed extensively. Research on silicate
weat hering has reveal ed the existence of a surface |eached | ayer
(Hol dren and Berner, 1979; Schott et al., 1981; Berner and
Schott, 1982; Schnoor, 1989). Studies of feldspar weathering by
Chou and Wl |l ast (1984) show the formation of a residue |ayer
consisting mainly of alumnumand silica at the mneral surface.
The rate of weathering of feldspar was found to be controlled by
t he existence and properties of the residue layer. As the |ayer
i ncreased in thickness, the rate of dissolution decreased rapidly
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until it reached a quasi-steady state val ue. The quasi - st eady
state condition, it was suggested, is due to a bal ance between
the rate of dissolution of the fresh feldspar (which depends on
the diffusion of reactants and products through the residue
| ayer) and the rate of dissolution of the residue |ayer. Schnoor
(1989) has called this phenonmenon "initial incongruent
di ssol ution".

Weat hering experinents by Sverdrup (1990) indicated that the
di ssolution rate of mnerals containing alum num |ike feldspar,
biotite and anorthite, is affected by the presence of alum numif
the solution alum num concentration is greater than sone limting
val ue. According to Sverdrup (1990), when alum numis produced by
chem cal reaction at the mneral surface this rate is determ ned
by the al um num concentration gradient fromthe particle surface
to the bulk solution. Sverdrup (1990) suggests that a simlar
mechani sm coul d apply to cations such as Ca, My, K, Na, Fe, and
Si that are released fromthe mneral surface during dissolution.

Differences in surface defect density, kink and step
density, and the nunber of edges and corners per unit volune of a
m neral can all conbine to bring about significant differences in
di ssolution kinetics (Burton et al., 1951). For calcite this
probl em was addressed by Schott et al. (1989) who studied the
di ssolution of Iceland spar (high purity calcite) using rotating
cylinders strained to a high defect density. They proposed that
di ssolution occurs preferentially at active sites such as lattice
defects. Mnerals with greater defect densities dissolve faster
since their effective surface areas are greater than nore perfect
speci mens of the sanme conpound.

Conmpton and Daly (1984) found the rate of dissolution of
| cel and spar was sensitive to the nmethod of surface preparation.
Surfaces obtained by msorienting the crystal face provided nore
sites at which dissolution could occur and thus dissol ved faster
than surfaces with ordinary cleavage pl anes.

Conmpton, Daly and House (1986) have shown that the
dissolution rate of Iceland spar is influenced by surface
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nor phol ogy and the nmethod used to prepare the surface of the
stone sanple. Freshly cleaved crystals were essentially
unreactive, but surfaces obtained by msorienting the crystal
faces dissolved faster than the ordinary cl eavage pl anes because,
it was assuned, these provide nore terrace sites at which

di ssol uti on can occur.

The rel ati onship between dissolution rate and particle grain
size for alkali feldspars was studied by Hol dren and Speyer
(1985, 1987). They observed that the dissolution rate increased
linearly with decreasing grain size down to a critical range
(approxi mately 50-100 unm). In this range, they hypothesized, the
grain size and distance between adj acent reactive sites becone
roughly equivalent. For grain sizes below the critical region,
rate and reactant surface area were not related, however, the
rates for larger grain size mnerals were reported as rates per
unit area, where rate and area had a linear relationship.

The dissolution of dolomtic |inmestones (CaMg(CQ,),) was
studi ed by Plumer and Busenberg (1982) in CO-HO acid systens
using a tenperature range of 1.5 to 65°C. Their results show t hat
in the early stages of dissolution the CaCO, conponent of
dol omi te dissolves faster than the MyCO, conponent, form ng a My-
enriched surface. After the initial period of enhanced CaCQ,

di ssolution, Ca and My ions were rel eased stoichionetrically.

Pure dolomte dissolves nore slowy than pure calcite (Rauch
and White, 1977; Palnmer, 1991). In stones that are a m xture of
CaCO, and dolomte, the dissolution rate has been shown to
decrease in a regular way with increasing dolomte content of the
rock (Rauch and Wite, 1977).

Herman and Wiite (1985) studied the dissolution of dolomte
sanpl es and concluded that the dissolution rate increases with
decreasing grain size. However, the difference between the
initial rate of dissolution for a large single rhonb of dolomte
and a mcrocrystalline rock was only a factor of 1.5.
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4.0.5 Effect of Tenperature on Dissolution Kinetics

The effect of tenperature on the dissolution kinetics of
I i mestones has received Iimted study. R ckard and Sj 6berg (1983)
showed that the experinmentally observed rate constant for the
di ssolution of calcite in aqueous solutions is controlled by a
surface reaction and a mass transfer resistance that act in
series. They therefore concluded that the overall dissolution
rate constant is likely to be a conplex function of the
t enper at ure.

The tenperature dependence of rate constants for
het er ogeneous reactions is usually quantified using the Arrhenius
equation, i.e.,

Ink = E/RT + I nA (1)

where E, is the apparent activation energy, Ris the gas constant
(8.314 J nol *K?'), k is the dissolution rate constant at the
absol ute tenperature, T, and Ais a constant.

The apparent activation energies for heterogeneous reactions
have been used to discrimnate between reactions show ng
transport control, surface chemi cal reaction control or m xed
ki netics. The magnitude of E, for reactions controlled by
transport processes is typically nmuch | ess than val ues for
surface and honbgeneous chemi cal reactions, e.g., 10 to 20 kJ/ nol
versus 30 to 100 kJ/nol.

Ri ckard and Sjdberg (1983) concluded that at 25°C the rate
of calcite dissolution in the H-dependent regine is controlled
by mass transfer, which they assuned to be the diffusion of H
fromthe bul k solution through the mass transfer boundary | ayer
to the stone surface. In the H-independent reginme the surface
chem cal reaction controls and in the transition region between
these [imts the kinetics is a function of both the surface
reaction and mass transfer. Lower tenperatures cause the surface
chem cal reaction rate constant to becone snmaller and the extent
of the transition region expands into the H-dependent region.
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Lund et al., (1975) used a rotating cylinder to study the
rate of dissolution of calcite in hydrochloric acid. The
dissolution rate was limted by mass transfer at 25°C, even at
hi gh cylinder rotational speeds. At -15.6°C both nass transfer
and surface reaction resistances were inportant.

4.0.6 Effect of Trace Species in Solution on Dissolution Kinetics
Anot her inportant factor that may affect the dissolution

rate of calcite is the presence of trace species in solution that
adsorb on the mineral surface. Inhibition can occur at very | ow

| evel s of trace species as denonstrated by the strong retarding
effect on calcite dissolution of mcronolar concentrations of

di ssol ved Sc** (Terjesen et al., 1961) and orthophosphate (Berner
and Morse, 1974). Wi le nodeling |linmestone dissolution in soils,
War fvinge and Sverdrup (1989) found that the rate of deactivation
due to adsorbed inpurities on the |inmestone surface had a
significant influence on the nodel calculations. Fresh calcite
was coated with rust col ored precipitates when exposed to soi
solutions or surface waters containing iron and di ssol ved organic
car bon.

4.1 MODELI NG CALCI TE DI SSOLUTI ON I N LI MESTONE CONTACTORS

Haddad (1986) described the dissolution of calcite in
I i mestone contactors by adapting the rate nodel derived by
Ri ckard and Sjoberg (1983). Rickard and Sj6berg's nodel assunes
that the dissolution of calciumcarbonate in acidic solutions is
controlled by a heterogenous reaction (see Appendix A), the rate
of which is determined by a mass transfer resistance and a
surface reaction acting in series. According to this assunption,
the rate of cal cium carbonate dissolution, r, is given by,

r =koa(Ceq' C) (2)

where C,, and C are the equilibriumand bulk fluid calciumion
concentrations, respectively, and a is the interfacial area of
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cal cium carbonate per unit volume of fluid. k, is the overal
di ssolution rate constant and is given by,

ko = [(1/k) + (1/ke)] 7 (3)

where k, is the mass transfer rate constant for the cal ciumion
and k., is the first order surface reaction rate constant.

For a linmestone contactor C, is a function of the chem stry
and tenperature of the untreated water. In this study it was
cal cul ated using the chem cal equilibrium nodel described in
Appendi x B, Equations 7B-9B. The quantity a is the interfacial
area of cal cium carbonate per unit volunme of interstitial water
and, for a linmestone contactor with stone that is essentially 100
percent CaCQO,, is given by,

a = 6(1-¢)/ (dev) (4)

where d and ¢ are the volunme-nean dianeter and sphericity of
i mestone particles and ¢ is the bed porosity.

Accordi ng to Haddad (Haddad, 1986; Letternman et al., 1991),
for a packed bed of crushed |inestone, the nagnitude of k, can be
det erm ned using equations derived by Chu et al. (1953). Equation
5 was used for values of the nodified Reynold' s nunber (MRe) in
the range 1 < MRe < 30,

k., = 5.7 U, (MRe) %8 (Sc) 23, (5)

and Equation 6 was used for values in the range 30 < MRe <
10, 000,

k., = 1.8 U, (MRe) %4 (Sc)-?3 : (6)
The nodified Reynold' s nunber is given by,

MRe = dU, /(v(1-¢)) (7)
18



and the Schm dt nunber, Sc, by,
Sc =v/D (8)

where v is the kinematic viscosity, Dis the calciumion
diffusivity and U, is the superficial velocity of the fluid.

Haddad (1986) assuned that the magnitude of k., is determ ned
by the chemi stry of the solution at the CaCO, surface and used
data from Sj 6berg and Rickard (1984) to derive the follow ng
enpirical rel ationship,

k. (cm's) = 1.6 x 10% {H}*~ (9)

where {H,} is the interfacial (equilibrium hydrogen ion
activity. In this study the nmagnitude of {H,} was calcul ated
with the chem cal equilibriumnodel (Appendix B, Equations 7B-9B)
and is related to the equilibriumcalciumion concentration
(Cuo) -

Haddad (1986) used the follow ng version of the continuity
equation to nodel the |inmestone dissolution process in a
contactor operating at steady-state,

N, d2C/ dZ? - ¢ dC/dZ + re = 0 (10)

where N, i s the di nensionl ess axial dispersion nunber, Cis the
calciumion concentration, Z is the dinensionless depth, @ is
the nean fluid residence tinme and r is the cal ciumdissolution
rate expression. Equation 2 was substituted for r into Equation
10 and the resulting expression was integrated over the depth of
the columm to obtain,

( Ceq- CbL) / ( Ceq- Cbo) = €ex p{ - koaL€/ Us + ( koaL€/ Us) 2 ND} ( 11)

where C, and C, are the influent and effluent cal ci um
concentrations and L is the overall depth of the contactor. This
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equation assunes that the rate of dissolution at any point in the
bed is constant with tine and, therefore, factors such as residue
| ayer formation and |inestone particle shrinkage are

i nsignificant. Haddad (1986) derived the follow ng approxi mate
equation for N, using data froma tracer response study,

N, = 2(d/L). (12)

Equations 3 through 9 and 11 and 12 effectively predict the
initial performance of a contactor filled with fresh |inestone
(Letterman et al., 1991). However, when an experinental contactor
filled wwth Iimestone from Boonville, New York (the quarry where
the SL sanple of this study was taken) was operated continuously
for several nonths, Haddad (1986) observed that the effluent pH
and cal ciumion concentration decreased with tine (see Figure
4.1.1). Curve A was obtained using the steady state nodel, curve
B is the sinulation of non-steady-state when the stone di aneter
decreases and curve Cis the sinulation when stone di aneter
decreases and residue |ayer fornms. The di screpancy between the
val ues predicted by the steady-state nodel and the neasured
val ues increased with tine.

Haddad (1986) used the steady-state nodel (Equations 3-9 and
11-12) to develop a tine-step simulation programfor predicting
the performance of contactors during the non-steady-state
behavi or of long termoperation. In this programthe operational
period is divided into short tine intervals and the contactor bed
is divided into thin layers. The steady-state nodel predicts the
amount of cal cium di ssolved from each |ayer during each interva
of tinme. After each interval, a new stone dianeter is cal cul ated
for each of the layers using the anmount of cal cium dissolved. The
results obtained fromthis sinulation program showed that
shrinkage of the linestone particles explained sone but not al
of the decrease in performance observed by Haddad in his |ong
term colum experinment (Curve B, Figure 4.1.1).

Haddad (1986) used x-ray energy spectroscopy to analyze the
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Figure 4.1.1 Cal cium concentration is plotted as a function of
vol une water treated, using data from Haddad
(1986) .

surface of linestone particles fromthe contactor used in the
| ong term experinent. He observed that the surface density of
alum num silica and iron had increased during the experinent and
concluded that a "residue layer"” had formed as the CaCQ,
di ssolved fromthe linestone matri x. As the residue |ayer
i ncreased in thickness, he assuned, it limted the transport of
calciumion away fromthe surface of the |inestone and sl owed the
rate of dissolution.

The transport of calciumions across the residue |ayer was
nodel ed usi ng,

kf = Der/(é—tr) (13)
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where k; is the residue |ayer mass transfer coefficient, e and &
are the porosity and thickness of the residue layer, Dis the
diffusivity of the calciumion in the bulk solution, and <, is
the pore length (tortuosity) factor. An expression for & was
derived by assuming that the thickness of the residue |ayer was
much | ess than the dianeter of the particle and that it increased
as cal ciumdissolved fromthe surface of the linestone, i.e.,

6 = [M1-B)(f)]/[0.4Bpy(1-€,)] (14)

where Mis the cunul ative nmass of cal cium dissolved per unit area
of stone, R is the mass fraction of CaCO, in the stone, p, is the
mass density of the residue solids and f is the fraction of the
total residue solids that remains on the stone surface.

The foll ow ng equation for k; is obtained by substituting
Equation 14 into Equation 13,

k, = 0.4RDK/[M 1-R)]. (15)

The coefficient Kin Equation 15 includes all the paraneters that
Haddad (1986) could not neasure experinentally and is given by,

K= po(1-¢)(e)/[(F)(t)]. (16)

The residue | ayer nmass transfer coefficient, k;,, was
included in the cal culation of the overall dissolution rate

constant by expandi ng Equation 3 as foll ows,

kKo = [(1/k) + (1/k)) + (1/ k)] (17)

Haddad cal i brated the non-steady-state simnulation program
(with the residue | ayer resistance) by finding that K = 0.6 gave

good agreenent between the neasured and nodel predicted effluent
cal cium concentrations. This value of K was in reasonable
agreenent with a value of K cal cul ated using rough esti mates of
t he magni tudes of the paraneters in Equation 16.
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CHAPTER 5
EXPERI MENTAL METHODS AND MATERI ALS

5.0 EXPERI MENTAL MATERI ALS

The study was conducted using 13 sanples of |inestone
including a white nmarble (sanple W\ froma quarry in Proctor
Vernont, a sedinentary |linmestone (sanple SL) froma quarry near
Boonville, New York, Black River |inestone (sanple BR) froma
guarry near Watertown, New York and 10 sanples (sanples A-J) from
a dolomte quarry near York, Pennsylvani a.

The SL stone was selected for the study because it is from
t he quarry where Haddad (Haddad, 1984, 1986; Letterman et al.
1991) obtained his sanples. The Vernont marble sanple (sanple WV
was used to conpare the behavior of marble with that of
sedinentary |linestones. The Bl ack River |inmestone was sel ected
because of its unusual black color. A black color in limestone is
usual |y caused by small anounts of organic material (Boynton
1980). The 10 sanples fromthe dolomte quarry in Pennsyl vani a
were selected to study the effect of the dolomte content on
di ssolution kinetics. The dolomte content of these stones ranged
fromessentially zero to 100 percent. Their physical and chem cal
characteristics are di scussed bel ow

5.0.1 Linestone - Physical Characteristics

A qualitative assessnent of the mneral content of five of
the |linestone sanples (sanmples WM SL, C, F and |) was made by
observing thin sections of stone under polarized |ight using a
Zei ss petrographic mcroscope. The thin sections were prepared by
gl uing sanpl es of stone to a glass slide and then cutting and
grinding themto a thickness of about 3 mcrons. Photom crographs
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of the sections are shown in Figures 5.0.1-5.0.5. According to
this anal ysis the WM sanpl e consi sted of coarse grains of cal cium
carbonate and i ncluded about 20% quartz. The SL sanple was gray
in color and fine-grained. The photom crograph of the SL sanple
(Figure 5.0.2) shows that this stone was derived from cal careous
mud called mcrite (mcrocrystalline calcite). Sone fossil debris
and small quartz grains are evident in the sanple.

Figure 5.0.3 shows that stone | is a high nagnesiumcalcite
dolomicrite. It is finely crystalline and brecciated and consists
of angular fragnments up to 50 mm wi de separated by thin calcite
cenmented fractures. In sanple C (Figure 5.0.4) calcite has
cenented and replaced dolomicrite breccia. This sanple is simlar
to sanple | except that calcite has replaced dolomte in |arge
areas as well as in the fractures. Sanple F (Figure 5.0.5) is a
| ow magnesium | inestone. It has finely crystalline mcrite with

-

Figure 5.0.1 Phot om crograph of a thin section cut from
undi ssol ved stone sanple WM
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Figure 5.0.2 Phot om crograph of a thin section cut from
undi ssol ved stone sanple SL.

Figure 5.0.3 Phot om crograph of a thin section cut from
undi ssol ved stone sanple C.
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Figure 5.0.4 Phot om crograph of a thin section cut from
undi ssol ved stone sanple F.

Figure 5.0.5 Phot om crograph of a thin section cut from
undi ssol ved stone sanple I.
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fossil formnifera and sonme bl ocky secondary calcite. X-ray
diffraction anal ysis was done on stones sanples I, C and F using
a Philips APD 3520 x-ray diffraction apparatus. According to the
results in Figure 5.0.6, the 20 angle for calcite is 29.55
degrees for sanples C and F and 29.5 degrees for sanple I. The
dolomites are ordered and the 26 angle is 31.5 degrees for
sanples C and F and 31.1 for sanmple |I. According to Figure 5.0.6,
stone | is essentially dolomte, stone Cis dolomcrite and stone
F is |l ow nagnesiumcalcite.

5.0.2 Linestone - Chenical Characteristics
Sanpl es of each of the stones (BR, SL, WM and A-J) were
powdered using a nortar and pestle. The stone sanples were core

sections that had been | ocated next to the wafers cut for the
rotating disk apparatus. A 0.1 g quantity of each powdered sanple
was di ssol ved in concentrated hydrochloric acid overnight. For a
nunber of the sanples sonme translucent material, probably quartz,
remai ned after 2 days of dissolution. The acidified sanples were
then diluted to 50 nL using DI water. After 2 days, 1 nL of the
sanple solution was diluted to 50 nL with DI and duplicates of
both the diluted and undil uted sanpl es were analyzed with a
Perkin El mer Model PE 3030B atom c absorption spectrophotoneter
(AAS). The cal cium magnesium iron and al um num content of the
sanpl es was determ ned by averaging the duplicate neasurenents
for the diluted sanples. The results are listed in Table 5.0.1

The at om c absorption spectrophotoneter was calibrated using
1000 ppm Ca, My, Al and Fe reference solutions (certified Fisher
Scientific atom c absorption standards). For Ca and Mj,
interference from phosphates, silica, and al um numwas m nim zed
by adding 1% | ant hanum chloride (1 nL LaC , solution to 10 nL
solution) to the standards and sanples. The AAS was operat ed
using a wavelength of 422.7 nmand a slit width of 7 nm (normal).

The Ca, My, Fe and Al results for sanples A-J (Table 5.0.1)
were conpared wi th neasurenents nmade by the quarry in York, PA
that had sent the cores. The quarry's results and the val ues

27



Dolomite
SAMPLE C St SAMPLE I SAMPLE F
| lp)
)
~ §
'rf’.: ‘ Calcite
M :
Dolomite
. |
0
(o))
N 0
Calcite 0 @]
1o, o &
o ol : M0
g Calcite Dolomite

Figure 5.0.6 X-ray diffraction analysis results for undi ssolved stone sanples C, F and
l.
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Table 5.0.1 RESULTS OF STONE ANALYSI S

Li mest one Conposition (g/100g9)

Stone 1D Ca My Fe Al
VWM 25.6 0.09 0.071 0.034
SL 37.5 0. 49 0.101 0.114
BR 40.0 0. 23 0. 019 0. 044
A 39.0 2.1 0. 024 0.012
B 37.8 0.58 0. 029 0.001
C 21.2 8.9 0.189 0. 093
D 35.4 2.3 0. 040 0. 037
E 34.6 3.8 0.041 0. 025
F 37.5 1.1 0. 015 0. 005
G 22.0 7.8 0. 294 0. 129
H 26. 8 7.0 0. 154 0.134
| 23.6 12.2 0.377 0. 032
J 19.4 13.6 0. 189 0. 010

listed in Table 5.0.1 were conpared using the nean rel ative

di fference paranmeter (MRD), z{(|Q-S|)/[(Q+S)/2]}, where Q is
the quarry's result for a given elenent and a given sanple and S
is the correspondi ng value from Table 5.0.1. The MRD val ues were
10% for calcium 45% for magnesium 56% for iron and 136% f or
alum num It could not be determned if the quarry's analytica
sanples were fromthe sane | ocation in each core as the ones
sent, therefore, it is likely that the higher values of the MRD
for Al and Fe, and to a certain extent for My, reflect spatia
differences in the Al, Fe, and My content of the stone.

The anal ytical results listed in Table 5.0.1 were used to
estimate the calcite, dolomte and insoluble residue content of
the sanples. In these cal cul ations the nagnesi um was assuned,
based on the x-ray diffraction and thin-section photoni crography
results, to be associated only with dolomte. The dolomte
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content in grans per 100 granms was cal cul ated using the nagnesi um
concentration from Table 5.0.1, G, and

dolomte content = G, x (184.3/24.3) (18)

The calcite content was determ ned by subtracting the
cal cul ated amount of calciumin the dolomte fromthe tota
anount of calciumin the sanple, Cy,, listed in Table 5.0.1,
i.e.,

calcite fraction = [(C, - (G, x 40/24.3)] x (100/40) (19)

The i nsol ubl e resi due was assuned to be the nmass fracti on of
the stone not attributable to either calcite or dolomte,

i nsol ubl e residue = 100g/100g - (calcite + dolomte) (20)

The results of these calculations are listed in Table 5.0.2.
In several cases, as a result of neasurenent error, the sum of
the calcite and dolomte fractions is greater than 100g/100g of
stone. In these cases the insoluble residue content was set equa
to zero.

The results in Tables 5.0.1 and 5.0.2 indicate that sanples
WM SL and BR as well as a nunber of the sanples fromthe York,
Pennsyl vani a dolonmite quarry (sanples A, B, D, E and F) are high
calcium linestones. A nunber of the York sanples (sanples C, G
H, and |I) are predom nately dolonmte and sanple J is essentially
pure dolomte.

The WM sanpl e had the highest insoluble residue content (36
g/ 100g) but relatively | ow amounts of iron and al um num (34 ny
Al /100g and 71 ng Fe/ 100g of stone). It is likely that the
i nsoluble residue in this sanple is quartz. Sanple |, from York,
Pennsyl vani a, had the hi ghest anmount of iron (377 ng Fe/ 100g) and
sanpl e H had the hi ghest anount of al um num (134 ng Al /1009).
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Tabl e 5.0.2 ESTI MATED M NERAL CONTENT OF THE STONE SAMPLES

Maj or Stone Constituents (g/100g)

Stone ID Calcite Dol onmite I nsol ubl e
VM 64 1 35
SL 92 4 4
BR 99 2 0
A 89 16 0
B 92 4 4
C 17 68 15
D 79 18 3
E 71 29
F 89 9 2
G 23 59 18
H 38 53 9
| 9 93 0
J 0 100 0

5.0.3 Rotating Disk Solution Characteristics

Al'l solutions used in the rotating di sk experinents were
made with distilled and deionized (D) water that had been boil ed
for a few mnutes, several hours before use, to renove carbon
di oxi de. Fi sher analytical grade (ACS Certified) chem cals were
used (KA, N 10 HO). The background el ectrolyte was 0.079 M KO .

5.1 ROTATI NG DI SK APPARATUS

Transport to or froma rotating disk in a batch reactor is
affected by the disk dianeter, the vessel size and geonetry, and
the disk rotational speed. According to Riddiford (1966), the
di sk radius, r, should be nmuch greater than the thickness of the
di ffusi on boundary | ayer at the face of the disk, i.e,
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(2.8/ry)(v/iw)¥? < 0.03 (21)
where v is the kinematic viscosity in cnt/sec and o is the
angul ar velocity in radians/sec.

The condition expressed by Equation 21 was net in al
experinments by choosing a disk dianmeter of 4.45 cm

According to Riddiford (1966) the effect of the vessel walls
on fluid notion at the disk is mnimzed if the m ninum di stance
between the rotating disk and the walls of the reactor is greater
than 0.5 cm In this apparatus the reactor dianeter was 14 cm and
the cl earance between the disk and the walls of the vessel was
greater than 4 cm The di sk was centered about 3 cm above the
bottom of the vessel (see Figure 5.1.1).

The di sk was rotated by an adjustabl e-speed, DC notor. A
bench tachoneter (Antek Model 1723) was used to set and nonitor
the rotational speed which was varied over the range 200 to 1200
rpm

The reactor was constructed with double glass walls. A Haake
Model A80 water bath was used to circul ate water between the
walls to maintain the reactor contents at presel ected
tenperatures in the range 4 to 25 £ 0.2°C. The pl exi gl ass cover
on the reactor had holes for the insertion of the rotating shaft,
pH el ectrode and wetted nitrogen inlet tube. Additional holes
were provided for nmeasuring the tenperature and pipetting sanples
for the cal ci um nmeasurenent.

The pH was neasured using a Ross "Sure-Fl ow™ conbination pH
el ectrode (Orion) connected to an Orion Expandabl e 1on Analyzer,
Model EA940. The bulb of the pH el ectrode was |ocated 1.5 cm from
the rotating disk and 3 cm above the bottom of the vessel. To
nonitor the pH neasurenents, the ion analyzer was interfaced with
a m croconput er.

5.1.1 Stone Di sk Preparation

The SL sanple was prepared by cutting a 3.10 cm di aneter,
cylindrical core froma piece of rock collected at the quarry.
The WM and BR sanples were cut fromexisting 3.68 cmand 2.45 cm
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Figure 5.1.1 Schemati c diagram of the rotating di sk apparatus

di aneter cores, respectively. The ten sanples fromthe York,
Pennsyl vani a quarry were cut fromexisting 3.65 cm di aneter

cores. Each core was cut into a nunber of 3 mmthick disks using
a rock saw. The di sk faces were snoot hed and polished on a

| apwheel using 400 (38 mcron) and then 600 (25 micron) grit size
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silicon carbide.

The back face and edge of the disks were coated with plastic
so that only the polished face was avail abl e for dissolution.
Each di sk was nounted in a teflon-coated brass hol der as shown in
Figure 5.1.1. The WM sanple and sanples A-J were glued, as is, in
the 3.7 cmdianmeter x 4 mmdeep well in the bottom of the hol der.
For the 3.1 cmdianeter SL and the 2.45 cm di aneter BR sanples, 3
mm t hi ck plexiglass rings were used as fillers to center the
stone disks in the hol der.

5.2 EXPERI MENTAL PROCEDURE

A free-drift nethod, in which the pH was all owed to increase
as the carbonate mnerals dissolved fromthe stone, was used in
all experinents. Each experinmental solution (600 nL) was prepared
as needed by adding KGO and the required volune of acid to boiled
water and then transferring this to the reactor.

Utra-pure nitrogen gas, saturated with water vapor, was
bubbl ed continuously through the solution for a few m nutes
before the experinment was started. During the experinent,
hum di fied nitrogen flowed through the headspace above the
solution to mninm ze exchange of CO, with the atnosphere. The
nitrogen flowate was approximately 1 L/mn. § 6berg and R ckard
(1983) have shown that the use of low CO, nitrogen gas in this
way causes negligible loss of dissolved inorganic carbon fromthe
reactor during the dissolution experinent, apparently because of
the |l ow rate of gas-sol ution exchange of CO.

The pH nmeasurenent was standardized with Fisher™pH 4 and 7
buf fer solutions that had been adjusted to the tenperature of the
reactant solution. A series of experinments (described in Appendi x
C) was conducted using nethyl red dye and a fiber optic probe
colorinmeter to verify that the solution in the vessel was wel
m xed and that the response tinme of the pH el ectrode was not
affecting the accurate neasurenent of the time-varying pH

Each experinent was started by raising the vessel and
solution into place beneath the rotating di sk and agai nst the
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pl exi gl ass cover. Sanples of solution (either 2 or 5 m vol une)
were withdrawn fromthe vessel at 6 or 9 mnute intervals for a
period of 1.5 hours using a Finnpipette (1-5 m). The sanpl es
were stored in pol yurethane di sposable test tubes at 4°C for no

| onger than 2 days before the ion concentrations were neasured by
AAS.

The total cal cium and rmagnesi umion concentrations in each
sanpl e were neasured with a Perkin El mer Mbdel PE 3030 atonmic
absorption spectrophotoneter. After a run, the disk was either
rinsed with DI water and stored in a known volume of D water or
the surface of the disk was "aged" with an acidic solution. The
agi ng procedure is discussed bel ow.

In the experinents on the effect of tenperature, the disk
hol der and the di sk were brought to the tenperature of the
solution by wapping the disk holder in Saran plastic wap and
imrersing it in the water bath before it was attached to the
drive shaft and inserted in the solution for the rate experinent.

5.2.1 "Aging" the Linestone Di sk Surface

A speci al procedure was used to dissolve controlled anmounts
of cal ciumand, for sone dolomtic stones, magnesiumfromthe
di sks between rotating disk experinents. This is referred to as
"agi ng" the disk surface. Each disk and its hol der was placed in
a beaker containing a nmeasured volunme of acidified solution (0.1
meqg/ L acid, initial pH=4). The solution was stirred continuously
wWith a magnetic stirrer. At the conclusion of this procedure, a
sanpl e was taken for determ ning the cal ci umand nagnesi um
concentrations and the volune of the solution was recorded. The
measured cal ci um concentrati on was used with the volunme of this
solution to determ ne the mass of cal cium di ssolved (Ca,). The
remai ni ng sol ution was di scarded, the disk was placed in fresh pH
4 solution, and the process was repeated until the desired mass
of cal ci um had been dissolved fromthe disk.

The total nass of cal ciumdissolved per unit area of the
di sk surface, Ca,, was obtained by dividing the sumof the nass
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of cal cium di ssol ved during aging (zCa,) and the nmass of cal cium
di ssolved during all the earlier rate experinents (zCa,) by the
surface area of the disk (A).

Cay = (zCa, + 2Caq,)/ A (22)

5.2.2 Calcium and Magnesi um Deterni nati on by Atomnmi c Absorption
Spectrophot onetry

The standards used to calibrate the AAS were nade by
di luting 1000 ppmcal ciumreference solution (certified Fisher

Scientific atom c absorption standard) w th background

el ectrolyte solution (0.079 MKC ). The cal cium concentrations in
t he standards ranged fromO0.5 to 5 ppm To mnimze interference
from phosphates, silica and al um num 1% | ant hanum chl ori de was
added to the standards and sanples using 1 nL LaC, solution to
10 mL solution. The AAS was operated using a wavel ength of 422.7
nmand a slit width of 7 nm (normal).

The standards were used to obtain a |inear calibration curve
of absorbance versus the cal cium concentration. The standards
were then run as sanples to verify the calibration. After this
verification step, the AAS was calibrated again and the sanpl es
were anal yzed a second tinme. The difference between the first and
second nmeasurenent was always | ess than 4 percent.

5.2.3 Agreenent Between Cal cul ated and Measured Cal ci um
Concentrations

To check for consistency between the neasured pH and the
nmeasured cal ciumion concentration, Equation 11B in Appendix B
was used to calculate the theoretical anount of cal cium di ssol ved
as a function of the neasured pH Good agreenent was obtai ned
bet ween t he neasured and cal cul ated cal ci um concentrati ons when
it was assuned that the solution contained 1.28 x 10 nol es/L of
initial dissolved inorganic carbon (see Appendix D). This
suggests that the procedures used to mnimze the anount of
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carbon dioxide in the rotating disk solutions were not entirely
effective.

5.2.4 Alkalinity Measurenents
Al kalinity neasurenments were used occasionally as an

approxi mat e check of the neasured cal ci um concentrations (see
Appendi x D). The alkalinity was determ ned using strong acid
titration to an equival ent endpoint determ ned by G an pl ot
analysis. A 75 mM sanple was titrated to a pHof 3.2 using 0.1 N
HC and a conputer controlled Metrohm Dosi mat 655 aut omati c
titrator. Two DI water blanks were anal yzed before titrating the
sanpl es. The error in duplicates analyzed was | ess than 0.3%

5.2.5 Solubility Product Determ nation

A set of long duration experinments was perfornmed to estimte
the solubility product of the cal ciumcarbonate in the |inestone
sanpl es. The cal ci um and nmagnesi um concentrati ons and the pH and
al kalinity at the end of the experinment were used with the
rel ati onships presented in Appendix E to calculate the solubility
product. Effective solubility products for calcite and calcite
conbined with dolomte were determ ned for sanples WM SL, A C,
F, and |. The results are listed in Table 5.2.1

Table 5.2.1 EFFECTI VE SOLUBI LI TY PRODUCTS FOR CALClI UM CARBONATE
AND CALCI UM MAGNESI UM CARBONATE | N SELECTED
LI MESTONE SAMPLES. VALUES ARE FOR 25°C AND | NFI NI TE

DI LUTI ON.
St one sanple ID Negative |l og of the effective
sol ubility product
VM 8.20 = 0.07
SL 8.35 + 0.06
A 8.76 = 0.09
C 8.72 £ 0.07
F 8.88 = 0.05
I 8.89 + 0.04
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5.2.6 d assware

Al'l glassware used in sanpling and the preparation of
st andards was soaked overnight in 1 N HO and then rinsed three
times with DI water. The gl assware was then soaked in D water
for a day and rinsed with fresh DI water before use.
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CHAPTER 6
EXPERI MENTAL RESULTS AND DI SCUSSI ON

6.0 DI SSCLUTI ON RATE DETERM NATI ON

The cal ci um concentration and pH change with tinme in a
typical rotating disk experinental run are shown in Figures 6.0.1
and 6.0.2. In this exanple, the WM stone sanpl e was used, the
rotational speed was 600 rpmand the initial acidity was 0.01
meqg/ L. At the end of the experinent the pH was 9.04 and the
cal cium concentration was 1.71 ng/L. For an initial acidity of
0.01 nmeg/L and with no calciumin the solution at t = 0, the
cal cul ated equilibriumcal ciumconcentration is 11.6 ng/L and the
calculated equilibriumpHis 10.02 (see pK,, for sanple WM Tabl e
5.2.1, and Equations 7B-9B, Appendix B).

The initial rate of dissolution in this study ranged from38
x 10 noles Ca/cnts to 1 x 10° noles Cal/cnts. These values lie
within the range of values (1 x 10! noles Ca/cnts to 2 x 10°
nol es Ca/cnts) reported in the literature (see Table 6.0.1).

The overall dissolution rate constant, k, was determ ned
for each experinental run using the nmeasured cal ci um
concentrations and, in sone cases, the neasured magnesi um
concentrations. For the stones that rel eased negligible amounts
of magnesium the cal ciumconcentrations (C) were substituted in
the rel ati onshi p,

Ln/fa = 1n {(GCq - GQ)/(Cq - C)I(V/A) (23)

where C,, and G, are the equilibriumand initial calcium
concentrations, respectively, and Ais the surface area of the
stone sanpl e di sk exposed to the solution. C, was zero in all
experinments. V, is the volune of the solution in the rotating
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Figure 6.0.1 Calciumconcentration in the rotating disk
apparatus as a function of time; WM sanple; w = 600
rpmand initial acidity of 0.01 neq/L.

di sk apparatus. For sanple WM and sanples A-J the |inestone disk
was 3.6 cmin dianeter and, therefore, A was 10.17 cnt. For the
3.1 cmdianeter SL sanple and the 2.5 cmdianeter BR sanple, A
was 7.91 cnt and 4.71 cnt, respectively.

The magni tude of C, was determned for each experinenta
run using the equilibrium nodel described by Equations 7B-9B in
Appendi x B and the effective solubility products listed in Table
5.2.1. For the stone sanples that were not included in the
solubility product experinents, i.e., sanples B, Db E, G H and
J, the average value of the effective solubility products for the
sanpl es fromthe sane quarry (pK,, = 8.81) was used. pK,, = 8.35
was used for sanple BR because of its simlarity to sanple SL.
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As sanples were wi thdrawn during an experinent,

t he

10.0
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pH

70 —

6.0 —

5.0
0.0

Figure 6.0.2

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Time (hours)

pH vs tinme for the rotating di sk experinment of
Figure 6.0.1.

Table 6.0.1 REPORTED I N TI AL RATES OF CALCI TE DI SSOLUTI ON AT
25°C
Ref er ence Type of System Rate x 10'° nol es
Used Ca/ cnts
Wallin and Bjerle Rot at i ng l1tob
(1989a) Cyl i nder
Sj 6berg and Ri ckard Rot ati ng Di sk 5to 20
(1983)
Plunmer et al. (1978) Stirred 10 to 20

Suspensi ons

magni tude of V, decreased. A value of V, was
val ue of G using the rel ationship,
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V, =V, - nv (24)

where V, is the volune of the solution in the reactor at the
start of the experinent, v is the volune of each sanple w t hdrawn
for the cal cium and nmagnesi um neasurenents and n is the tota
nunber of sanples withdrawn fromthe reactor up to that sanple.
In the dissolution rate experinents, V, was 600 nL and v was
either 2 or 5 nL.

A straight line was fitted to the Ln/a versus tinme points
usi ng the nmethod of |east squares. The negative slope of this
line is equal to the overall dissolution rate constant, k..

Figure 6.0.3 is a Ln/a versus tine plot for a fresh sanple
of WM stone. In this experinent the disk rotational speed was 600
rpm the water tenperature was 25°C and the initial acidity was
0.01 nmeg/ L. The negative slope of the |east squares line in
Figure 6.0.3 yields an overall dissolution rate constant of 3.3 x
10°® cm s.

6.1 EFFECT OF DOLOM TE CONTENT ON Kk,

Significant amounts of magnesi um were di ssolved fromthe
hi gh dolomte content stones (sanples | and J with approxi mately
93 and 100 percent dolomte, respectively) during the rate
experinments and during the batch aging process and the solubility
product experinments of Appendi x E. The average calciumto
magnesi um mass ratios for each of the solutions used in the batch
aging process was 0.51 for stone | and 0.54 for stone J. For the
stoichionetric dissolution of pure dolomte the theoretical M/ Ca
mass ratio is 0.61

For stone sanples | and J, an effective value of k, was
det erm ned using an "equival ent" cal ci um concentration, C,, in
pl ace of G in Equation 23. The nmgnitude of C, was cal cul at ed
for each sanple fromthe reactor by adding the neasured
concentrations of cal cium and magnesi um (expressed i n equival ents
per liter) and then nultiplying this sum by the equival ent wei ght
of cal ci um
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Figure 6.0.3 Di ssolution rate experinment for the WM stone
sanple. Initial acidity = 0.01 nmeg/L and w = 600
rom In this exanple, k, = 0.0033 cnis.

Figure 6.1.1 shows the cal cium and nmagnesi um concentrati ons
and the cal cul ated equi val ent cal ci um concentrations plotted
versus tinme for an experinment with sanple J. The Ln/a versus tine
poi nts (cal cul ated using the equival ent cal ci um concentrati ons)
are plotted in Figure 6.1.2. An "effective" equilibriumcalcium
concentration of 6.48 ng/L was used in place of C, in Equation
23. This value was cal cul ated using an effective solubility
product of pK;, = 8.81 and the equilibriumrelationships
descri bed in Appendi x B.

A significant y-axis intercept for the line fitted to the
Ln/a versus tinme data (see Figure 6.1.2) was typical for the
first rate experinents conducted with new di sks of stones | and
J. For fresh sanples of stones I and J, there was always an
initial period wwth a high rate of dissolution. This period is
apparently the cause of the significant y-axis intercept of the
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Figure 6.1.1 Cal ci um nagnesi um and cal cul at ed equi val ent
cal cium concentration for a rotating disk
experinment with stone sanple J and 600 rpm

| east-squares fitted |ine.

The high initial rate of dissolution for stones | and J is
consistent with the observations of Plumrer and Busenberg (1982)
who, in their study of dolomte dissolution, observed that
initially the cal ci um carbonate conponent of dolomte dissolved
faster than the magnesi um carbonate conponent, formng a My-
enriched surface on the disk. After this initial period the
di ssolution of Ca and My becane sl ower and nore consi stent
(stoichionmetrically) with the conposition of the solid.

For all stone sanples except |I and J, the highest
concentration of magnesium neasured during a rate experinment was
al ways less than 0.03 ng/L. Figure 6.1.3 shows the cal cium and
magnesi um concentrations plotted versus tine for stone sanple C
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Figure 6.1.2 Di ssolution rate experinment results for stone
sanple J. Ln/a cal cul ated using the equival ent
cal cium concentrations in Figure 6.1.1.

Sanple C had 17% calcite and 68% dol om te.

6.2 EFFECT OF | NSOCLUBLE RESI DUE CONTENT ON THE | NI TI AL RATE OF

CALCI TE DI SSOLUTI ON

It was observed that the overall dissolution rate constant
for fresh calcitic stones (stones with | ow dolomte content)
tended to decrease as the estinmated anount of insol uble residue
in the stone increased. It is reasonable to conclude that the
insoluble inpurities reduce the area of calcite exposed to the
solution. To test this hypothesis, it was assuned that the area
of exposed calcite is proportional to the mass percent of calcite
in the stone. The rate constants were "corrected"” for the residue
content by dividing themby the mass percent of calcite in the
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Figure 6.1.3 Cal ci um and magnesi um concentrations for rotating
di sk experinment with stone sanple C at 600 rpm

stone. The results of this calculation, listed in the right-hand
colum of Table 6.2.1, show that this correction reduces the
effect of the residue content on k..

The corrected overall dissolution rate constant for the
coarse-grained WM sanple (3.12 x 10°® cnis) is sonewhat |ess than
the values of 3.51 x 102 and 3.75 x 103 cnis for the fine-
grained SL and BR sanples. This difference is consistent with the
observati on of Holdren and Speyer (1985) that stones with smaller
grain size have higher rates of dissolution.

6.3 VARIATION OF k, WTH THE CaCO, CONTENT OF THE STONE
In Figure 6.3.1 the experinental values of k, for the fresh
stone sanples, k,, are plotted versus the approximte calcite
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Table 6.2.1 COVPARI SON OF EXPERI MENTAL AND CORRECTED OVERALL
DI SSOLUTI ON RATE CONSTANTS FOR ESSENTI ALLY FRESH
LI MESTONE DI SKS

(Smal I anmounts of cal cium had been di ssolved fromsanples WM SL
and BR before the first rate constants were determ ned).

St one Mass % Experimental k, x 10® Corrected k, x 10°
Calcite (cm's) (cnis)
Ca, = 0.2 ng Cal/cnt
VWM 64 1.99 3.12
SL 92 3.26 3.51
BR 100 3.75 3.75

Ca, ~ 0 ng Cal/cnt
B 92 4.39 4.77
F 89 3. 46 3. 89

content of the stone (CAL) in grams of CaCO, per 100 grans of
stone (see Table 5.0.2). The magnitude of CAL ranges from 92
g/ 100 g for sanple B to 0 g/100g for the essentially pure
dol omte stone (sanple J).

According to the results plotted in Figure 6.3.1, the
magni t ude of k, for fresh stone decreases by approximtely 60%
as the calcite content of the stone decreases from92 to 9 g
CaCO,/ 100 g. The y-axis intercept of the line fitted to these
poi nts by the nmethod of |east-squares is an extrapol ated val ue of
ko, for pure dolomte (CAL=0). The value of this intercept for
the data plotted in Figure 6.3.1is 2.58 x 10 cnfs, which is
significantly greater than the observed value of k., (k, = 0.93 x
10® cm's) for the fresh sanple of pure dolomite. This result
suggests that the presence of calcite in stones with high
dolom te content enhances the rate of dolomte dissolution. Since
the My concentrations neasured in the rate experinments were
negligible for all stone sanples except | and J, it appears that
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Figure 6.3.1 Ef fect of the calcite content of the stone sanple
on the initial value of the dissolution rate
const ant .

the dissolution of dolomte in all but the essentially pure
dol om te sanpl es occurred, as observed by Plunmer and Busenberg
(1982), by the dissolution of calciumand carbonate fromthe
dolomte fraction of the stone.

6.4 EFFECT OF | RON AND ALUM NUM ON THE DI SSOLUTI ON RATE

It was observed that the extent to which the dissolution of
calciumfromthe stone surface reduces the overall dissolution
rate constant depends on the alum numand iron content of the
st one.

Figure 6.4.1 shows the nornalized overall dissolution rate
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ko/ko (initial)
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0.0 | | | |
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Ca dissolved per unit area of disk (mg/sq cm)

Figure 6.4.1 Ef fect of anount of cal ci um di ssol ved on the
fractional decrease in the overall dissolution
rate constant.

constant (i.e., the measured value divided by the initial, fresh
stone, value, k,/k,) plotted versus the anount of cal cium
di ssolved fromthe surface of the stone, Ca, for stones A-D, F,
G | and J (see Equation 22). For stones D, G and I, k, decreased
by nore than 60 percent as the amount of cal ci um di ssol ved
increased fromO to 4 ng Ca/cnt. For stones F, B and J the
decrease was | ess than 30 percent.

Val ues of k., k, were interpolated fromFigure 6.4.1 at Ca, =
2 ng Ca/cnt and then listed in Table 6.4.1 in rank order, from
t he hi ghest (k,/k, = 0.90 for stone F) to the lowest (k,/k, =
0.23 for stone G. The stones with the highest alum num cont ent
(> 25 ng AI/100g of stone) had the greatest decrease in k, for
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Table 6.4.1 EFFECT OF THE | RON AND ALUM NUM CONTENT ON THE
FRACTI ONAL DECREASE I N THE OVERALL DI SSOLUTI ON RATE
CONSTANT AT Cay = 2 ng CALCI UM DI SSCLVED PER SQUARE
CENTI METER OF LI MESTONE SURFACE.

St one % k, x 10%* k. Kk, Fe Al
| D Calcite (cnls) (mg Fe/ 100g) (g Al /1009)
F 88.9 3.5 0.90 15 5
A 88.9 4.7 0.74 24 12
B 92.1 4.4 0.73 29 1
J 0 0.9 0.70 189 10
E 70. 7 3.3 0. 65 41 25
D 78.9 4.2 0.61 40 37
C 16.5 2.7 0. 43 189 93
I 8.8 2.8 0. 36 377 32
H 38. 3 3.3 0. 35 154 134
G 22.9 3.2 0. 23 294 129

*interpolated fromFigure 6.4.1 at Ca; = 2 ng Cal/cnt.

thi s anount of cal cium di ssol ved. For several stones, especially
stone | with k,/k, = 0.36, the iron content seened to be an
addi tional factor.

Since both the iron and al um num content of the stone seem
to determ ne how sanple aging affects the overall dissolution
rate constant, a conposite paraneter that includes a weighted
conmbi nation of the iron and al um num concentrations (aC, + bC.,)
was derived, where C, is the alum num concentration in ng Al/100
g and G, is the iron concentration in ng Fe/ 100 g.. The highest
i near correlation between k,/k, and the paraneter (r? = 0.92)
was obtained with weighting factors a =1 and b = 0.3, i.e., (Cy
+ 0.30 C.), The quantity k,/k, and correspondi ng val ues of (C,
+ 0.30 C,) are listed in Table 6.4. 2.

According to the results in Table 6.4.2, the effect of iron
and al um numon the overall dissolution rate constant wll be
mnimzed if the quantity C, + 0.30 C, for the stone is |less
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Table 6.4.2 EFFECT OF THE WEI GHTED SUM OF | RON AND ALUM NUM I N
THE LI MESTONE ON THE FRACTI ONAL DECREASE I N THE
OVERALL DI SSCLUTI ON RATE CONSTANT AT 2 ng CALCI UM
PER SQUARE CENTI METER OF LI MESTONE SURFACE

Stone ID k. Ky Cy + 0.30 &
(mg/ 1009)
F 0. 90 10
A 0.74 19
B 0.73 10
J 0.70 67
E 0. 65 37
D 0.61 49
C 0.43 149
I 0. 36 145
H 0. 35 180
J 0.23 217

t han about 10 ng/ 100g.

6.4.1 Residue Layer Resistance

Haddad (1986) assuned that when |inmestone contains
inmpurities such as alumno-silicates, iron and al um num the
di ssol ution of cal cium carbonate fromthe |inmestone matrix | eads
to the formation of a residue |ayer on the exposed |inestone
surface. Wth a significant residue |ayer resistance, the overal
di ssolution rate constant can be assuned to be given by Equation
17. When the residue layer is negligible and k; is |arge,
Equation 3 is used to calculate the overall dissolution rate
const ant .

Scanni ng el ectron mcrographs of the surfaces of the WM and
SL stones are shown in Figures 6.4.2A-6.4.2C and 6. 4. 3A-6. 4. 3E.
These el ectron m crographs show t hat the appearance of the disk
surface changed significantly due to dissolution. According to
Figure 6.4.2A, freshly polished WM stone is relatively snooth and
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Figure 6.4.2A Scanning el ectron mcrograph of freshly prepared
VWM st one sanpl e.
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Figure 6.4.2B SEMinmage of WM stone sanple after dissolving 6
ng Ca/cnt fromthe surface of the stone.
Undi ssol ved el evated regions are silica.
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Figure 6.4.2C XES map of calciumdistribution in fresh sanple
of the WM st one.
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Figure 6.4.3A

Scanni ng el ectron m crograph of the surface
fresh SL sanpl e.
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Figure 6.4.3B XES map of the distribution of calciumon the
fresh SL sanpl e.
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Figure 6.4.3C XES map after dissolving calciumfromthe surface
of fresh SL sanple. The abundance of cal ci um has
decreased significantly conpared to Figure
6. 4. 3B.
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Figure 6.4.3D XES map showing the distribution of silica SL
sanpl e after cal ciumwas dissolved fromthe
surface.
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Figure 6.4.3E XES map showi ng the distribution of alum num on
t he di ssolved SL sanple.
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featurel ess. Analysis of the surface by an x-ray energy
spectroneter (XES) indicated that it was nostly cal cium and
silica (see Figure 6.4.2B). As CaCO, was di ssol ved, significant
pitting and rougheni ng of the surface becane apparent. Areas of
silica remai ned and forned pl ateau-1like structures on the surface
of the disk (Figure 6.4.20).

For the SL stone, dissolution of CaCO, produced a browni sh-
white residue |ayer on the surface. The SEM XES anal ysi s
indicated that this |ayer consisted of alum num silica and iron
(Figures 6.4.3D and 6.4.3E). The inpurities neasured in the SL
sanple (Table 5.0.2) are consistent with these observati ons.

Val ues of k, plotted as a function of Ca,, the nass of
cal ci um di ssol ved per unit area of stone (in ng/cnf), are shown
in Figure 6.4.4 for the SL, WM and BR sanpl es. k; val ues for
di fferent anounts of cal ciumdissolved fromthe surface of the SL
stone are given in Table 6.4. 3.

To cal cul ate k;, experinentally determ ned val ues of k, Kk,
and k., were substituted in Equation 17. As increasing anmounts of
cal cium are dissol ved, k; beconmes smaller and, eventually
controlling. Also included in Table 6.4.3 are the k; val ues
cal cul ated using the enpirical equation (Equation 13) derived by
Haddad (1986) for his non-steady-state simulation nodel.

The WM stone contains |ess calciumthan the SL and BR stones
(Table 5.0.2). It also contains the greatest amount of silica (as
I ndi cated by the analysis of thin sections). This stone provides
limted evidence that the silica content does not by itself
establish that a residue layer will be fornmed. Repeated
experinments with the sane WM stone did not produce a significant
decrease in the dissolution rate. Even after Ca, was 5.7 ngCa/cn¥
the dissolution rate was essentially equal to the initial value.

SL stone, on the other hand, is 93% CaCO, (see Table 5.0.2)
but it also contains nore of the elenments (alum num and iron)
that seemto be critical for the formation of a residue |ayer,
(Cy + 0.3 C.) = 114 ng/100g. As cal cium was dissolved fromthe
surface of the SL stone the overall dissolution rate constant
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Figure 6.4.4 Variation in the overall dissolution rate
constant, k,, with the anount of cal cium di ssol ved
fromthe disk surface. The dashed line curve is
the rel ati onship used by Haddad (1986) in his
si mul ati on program

Table 6.4.3 RESIDUE LAYER MASS TRANSFER CCEFFI Cl ENT FOR SL

SAMPLE
Cal ci um k, x 10° k; x 10° k; x 10°
di ssol ved Experi nment al From exp. k, Haddad
(mg Cal cn) (cnl sec) (cm sec) (cm sec)
0. 00 3.95 - - - -
0.19 3.51 - - 169
0. 56 2. 65 640. 57 57
0. 80 3.13 -- 40
1.96 2.04 8.74 16
2. 69 2.02 8. 38 12
3.80 1.41 2.99 8.4
4. 00 0. 68 0.91 8.0

decreased, from3.50 x 10®* cm's at Ca,;=0.2 to 0.68 x 10®* cm's at
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Ca,=4. 0 ngCal cnt.

BR stone has the highest calciumcontent (99% CaCQO,, Table
5.0.2) and small amounts of alumnumand iron (C, + 0.3 C, = 50
ng/ 100g). The dissolution rate decreased slightly from3.75 x 10
®to 3.39 x 10® cnms as the anmount of cal ci um dissol ved i ncreased
fromCa, = 0.2 to Ca;, = 6.2 ng Ca/cnt. The BR stone was
essentially black in color, possibly fromthe presence of trace
anounts of organic matter

The residue layer that fornmed on the SL di sk was scraped
into concentrated nitric acid, ultrasonicated and the sol ution
was anal yzed for total soluble alum num The sol ubl e al um num
expressed as the anount per area of disk was 0.97 unol es/cnt (26
ug/ cnt). The scraped residue did not dissolve conpletely in acid
suggesting the presence of alum no-silicates. The overal
di ssolution rate constant for SL stone increased to 90% of its
original value when the residue | ayer was renoved by scraping the
di sk surface (see Figure 6.4.5).

6.5 EFFECT OF TEMPERATURE ON K,

The effect of tenperature on the rate of calcite dissolution
was studied by conducting rotating di sk experinents at 5, 12, 18
and 25°C. Stone sanple B was used for these experinents because
it had a high calcite content and | ow anmounts of inpurities (Cy
+ 0.3 G, = 10 ng/ 100g). The background el ectrol yte was 0.079 M
KA, the disk rotational speed was 600 rpmand the initial
acidity was 0.01 neq/L.

Figure 6.5.1 shows plots of Ln/a versus tine for 12°C and
18°C. The equilibrium calciumconcentration, G, used to
cal cul ate val ues of Ln/a was determ ned for each tenperature
using the chem cal equilibrium nodel described in Appendi x B and
an effective solubility product of 1.55 x 10° (pK;, = 8.81). The
procedure used to estimate the effective solubility product is
described in Appendix E. Table 6.5.1 lists the cal cul ated val ues
of C, and the experinental values of k, for each tenperature.
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Figure 6.4.5 Plots of In{(Ceq-C/Ceq}V/ A versus tine for SL
sanple; 0.01 neq/L of initial acidity and 600 rpm
Curve A and C are for 0.2 and 3.8 ng/cnt of
cal cium di ssolved fromthe surface of SL sanple.
Curve B was obtained after scraping the residue.

6.6 EFFECT OF TEMPERATURE ON k., AND k,

The experinental values of k, listed in Table 6.5.1 were
used to determne the effect of tenperature on the surface
reaction rate constant, k., for stone B and on the nmass transfer
constant, k,, for the calciumion. For heterogeneous reactions,
the overall dissolution rate constant is related to k,_ and k. by,

Ko = ki Ko/ (ki + ko) (25)

The magnitude of k, for the surface of a rotating disk is
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Figure 6.5.1

Table 6.5.1

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Time (hours)

Plot of In{(Ceqg-C/(Ceq-Co)}/(VIA) versus tine for
12 and 18°C and sanple B. Initial acidity is 0.01
meqg/L and rotational speed is 600 rpm

EFFECT OF TEMPERATURE ON THE CALCULATED VALUES OF
THE EQUI LI BRI UM CALClI UM CONCENTRATI ON AND

EXPERI MENTAL VALUES OF THE DI SSOLUTI ON RATE
CONSTANT

Tenperat ure Co* k, x 103
°C mg/ L (cml s)
5 6. 04 0. 38
12 6.16 0.84
18 6. 00 1.3
25 6. 60 2.8
25 6. 60 2.83

*based on pK,, = 8.81 at 25°C

64



k. = 0.62 DV3 vU6 12 (26)

given by the theoretical expression, where Dis the diffusivity
of the calciumion, v is the kinematic viscosity and » is the
rotational velocity of the disk. The assunmed magni tude of D at
25°C (D, = 0.8 x 10°° cnt¥/s, See Appendi x F) was used with
Equation 27 to cal cul ate values of D for the other tenperatures,
i.e.,

Dr = (D vys/ 298) x [(T+273)/ vy)] (27)

where T is the tenperature in degrees Cel sius. Solving Equation
25 for k. yields,

ke = ko ki/ (ky - ko). (28)

Equations 26 and 28 were used with the values of D and v
listed in Table 6.6.1 to calculate the values of k_ and k. Iisted
in Table 6.6. 2.

Table 6.6.1 EFFECT OF TEMPERATURE ON THE CALCI UM | ON
DI FFUSI VI TY AND KI NEMATI C VI SCCSI TY

Tenper ature D x 10° v
°C (cnt/s)
5 0. 44 1.521
12 0.55 1.238
18 0. 65 1. 061
25 0. 80 0. 894

6. 7 APPARENT ACTI VATI ON ENERGY FOR k, AND k.

Val ues of the apparent activation energy (E) were
determ ned for k., and k, by plotting the natural |og of the
quantities listed in Table 6.6.2 versus the reciprocal of the
absolute tenperature (see Figure 6.7.1). The sl opes of the
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TABLE 6. 6. 2 EFFECT OF TEMPERATURE ON THE MASS TRANSFER
COEFFI Cl ENT, k., AND THE SURFACE REACTI ON CONSTANT,

Kc
Tenperature k, x 10° k. x 10°
°C (cnl's) (cnl's)
5 2.63 0. 44
12 3.17 1.14
18 3.65 2.02
25 4.26 8.17
25 4.26 8.43
-4.5
r @ In(kc)
-5.0 [~ In(kL)
+

In(kc) and In(kL)

| | | | | |
3.30 3.35 3.40 3.45 3.50 3.55 3.60 3.65

1000/T (1/°K)

-8.0

Figure 6.7.1 Arrhenius plot for the mass transfer (k. and
surface reaction constants (k).

straight lines fitted to these points are equal to E//R where R
is the gas | aw constant, 8.314 J/nol °K. The correl ation
coefficients (r2) for the lines fitted to points in Figure 6.7.1

66



are greater than 0. 98.

For k., Figure 6.7.1 yields E, = 101 + 8 kJ/nol, a val ue
that is significantly larger than the literature values listed in
Table 6.7.1 for surface reaction controlled kinetics. For k, E,
= 17 + 0.3 kJ/nol was obtained. This quantity, as expected, is in
good agreenent with the values listed in Table 6.7.1 for mass
transfer controlled kinetics.

TABLE 6.7.1 APPARENT ACTI VATI ON ENERA ES FOR THE LI MESTONE
Overall dissolution rate constant WHEN DI SSCLUTI ON
| S CONTROLLED BY a) SURFACE REACTI ON AND b) MASS

TRANSFER
Predom nant St one Appar ent Ref er ence
M ner al Characteristics Activation
Energy, E,
a) surface reaction contro
Calcite | cel and spar 46 = 4 kJ/ nol (1)
Calcite Carrara marbl e 54 = 4 kJ/ nol (1)
Dol omite Coar sel y 62 kJ/ nol (2)
crystalline
Calcite Ver nont nar bl e 63 kJ/ nol (3)
b) mass transfer contro
Calcite | cel and spar 13 kJ/ nol (1)
and Carrara
mar bl e
Calcite Li mest one 15 kJ/ nol (4)
Calcite | cel and spar 41 kJ/ nmol (5)

(1) Sjoberg and Rickard (1984), Rotating disk experinents
conducted at constant pH

(2) Lund et al. (1973), Rotating disk experinments with pH free-
drift

(3) Lund et al. (1975), Rotating disk experinments with pH free-
drift

(4) Barton and Vat anat ham (1976)
(5) Plummer, Wgley and Parkhurst (1978)
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Appendi x A
MECHANI SM OF HETEROGENOUS REACTI ONS

Het er ogenous reactions, which include mneral dissolution in

aqueous systens, involve several steps (Stunm and Morgan, 1981),

1. mass transport of dissolved reactants fromthe bul k
solution to the mneral surface,
adsor ption of sol utes,
interlattice transfer of reacting species,
chem cal reactions,
det achnent of reactants fromthe surface, and
. mass transport into the bul k sol ution.

The net rate of the heterogenous reaction process is
determ ned by the conmbined effects of its separate stages. The
rate of the entire process is governed by the slowest step if one
step is significantly slower than the others. In cases where the
sl ow step involves the introduction or renoval of reactants, the
reaction is said to be diffusion controlled and is governed by
the Iaws of diffusion kinetics. If, on the other hand, the
chem cal or physical transformation constitutes the sl ow step,
the rate of the reaction is determ ned by the kinetics of these

SIGRENNAN

processes.

The overall rate of reaction can be characterized as being
either transport controlled, surface chem cal reaction controlled
or a conbination of effects, i.e., mxed-kinetics controll ed.

Transport Control/Diffusion Kinetics
The transport of a solute in a noving liquid is governed by
two quite different mechani sns,
1. nmol ecul ar diffusion as a result of concentration
di fferences, and,
2. transport of entrained solute particles by the noving
['iquid.
The conbi nati on of these mechanisnms is called convective
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diffusion of solute in a liquid. A sinple exanple of convective
diffusion is mass transfer in a systemwhere a heterogenous
reaction occurs at the surface of an infinite rotating disk.

When the surface chem cal reaction rate is larger than the
rate of introduction or renoval of ions fromthe reaction
surface, the reaction is said to be transport-controlled. Al
speci es approaching the surface react instantaneously. The
overall rate of the heterogenous reaction is determ ned by the
slower rate of mass transfer. The rate of the transport-
controlled reaction is a function of the bulk solution flow
vel ocity.

Nernst (1904) assuned that all heterogenous reactions were
transport controlled and their rates could be described by,

dddt|; = D(A'V) (G- 5y (1A)

where D is the nolecular diffusion coefficient, C, and C the
concentration at the surface and in the bulk respectively, V the
vol une of solution, Ais the surface area exposed to the
solution, &, the thickness of the fluid |ayer attached to the
surface through which nolecular diffusion is the ngjor nass
transport process. This is also called the diffusion boundary

| ayer (DBL). For the rotating disk &y is given by (Pleskov and
Filinovski, 1976).

By = 1. 6DV 3,6 1/2 (2A)

where v is the kinematic viscosity and o the rotational velocity
of the disk. The transport rate constant k,_ is given by

k, = D3, = D (1.6DY3v¥56,12) (3A)
The transport rate is

do/dt|, = k,A(C.-C)/V (4A)
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Surface Chem cal Reaction Contro

When chem cal transformations constitute the slow step, the
rate of the reaction is controlled by the kinetics of these
processes. Since the rate of nmass transfer is large, the
concentration of the entire solution is constant.

For dissolution reactions the rate of the first order surface
chem cal reaction is proportional to the chem cal potenti al
di fference between the concentration of the dissolving solute at
the solid-liquid interface, C, and the concentration of the
solute in equilibriumw th the solid, C,,

dddt| . = kKA(Cy-C)/V (5A)
where k., is the rate constant for chem cal reaction.

M xed Kinetic Control

When the rates of transfer of the reactants and of the
chem cal reaction are conparable, the reaction is said to
controlled by m xed kinetics.

For steady-state, the diffusion rate nust bal ance the
chemi cal reaction rate,

do/ dt|, = dC/ dt]| . (6A)

Sol vi ng Equation 6A for C, and substituting it into either
Equati on 4A or Equation 5A yields the general rate equation,

dC/ dt = k(A V) (Cy- O (7A)

whi ch reduces to Equation 4A for k,<<k, and to Equation 5A for

k.<<k,. In Equation 7A, k, is the overall rate constant given by,

Ko = kikel (ki + ko) (8A)
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Appendi x B
CHEM CAL EQUI LI BRI UM CALCULATI ONS

In all the equations described bel ow the concentrations of
the species in the carbonate system including carbon dioxide,
bi car bonate and carbonate, are given in terns of the total
i norgani ¢ carbon concentration, C,, and ionization fractions,
i.e.,

[RCO] = G o (1B)

[HCO] = G oy (2B)

[CO=] = G o (3B)
wher e,

o = U {1+(KJ[H]) +( KK/ [H]2)} (4B)

o = U {LI+([H]/K) +(KJ [H])} (5B)

o = U {1+([H]/Ky) +([ H]2 KKy} (6B)

K, and K, are the tenperature and activity corrected val ues of
the first and second ionization constants for carbonic acid.
Val ues of equilibriumconstants at 25°C were taken from Snoeyi nk
and Jenkins (1980) (see Table 1B). The Davies equation was used
to calculate activity coefficients for correcting the equilibrium
constants for ionic strength (Table 2B)

Equi | i brium pH and Equilibrium Cal ci um Concentration
When cal ci um car bonat e di ssol ves under a cl osed-to-
at nospheri c- carbon di oxide condition, the acidity and the
di fference between the alkalinity and the cal cium concentration
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TABLE 1B VALUES OF EQUI LI BRI UM CONSTANTS AT 25°C AND | =0

First ionization constant for carbonic acid, K 10°6-3%
Second ioni zation constant for carbonic acid, K, 1013
| on Product of water, K, 104

Henry's Law constant, K, 10°1-47

TABLE 2B EQUATI ONS USED TO CORRECT EQUI LI BRI UM CONSTANTS FOR
ACTIVITY

Activity coefficients were calculated using the Davis equation,
i.e.,

log(f,) = -0.5z%{[I"(1+1%]-0.21}
wher e,
z - charge of the ion
| - ionic strength in noles/L
f, - activity coefficient for charge of +/- one
f, - activity coefficient for charge of +/ - two
The activity corrected equilibriumconstants given by:

K, = K/ (f,)?
K, = Kif (fy)

Ko = Kol (f2)°
Ko = K/(fy)°?

remai n constant. The equilibrium pH and cal ciumion concentration
can be determined with the follow ng equati ons,

acidity = C(ao,+2a,) +[ H] - K/ [ H] (7B)
(alkalinity - Ca) = Coy+20,) +K/[H]-[H]-2[Ca] (8B)
[Ca] = K/ (0,C) (9B)

where C, is in noles per liter and K, is the ion product of
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water. K, is the solubility product for CaCo,.

For known anounts of initial acidity, initial alkalinity
and initial calciumion concentrations, Equations 7B, 8B and 9B
are sol ved sinultaneously to cal culate the equilibrium pH.
Equation 9B gives the equilibriumcal ciumconcentration.

Internediate Calciumlon Concentration
For dilute acidic water with dissolving CaCO, the charge
bal ance rel ationship is,

(28 + alk,) = (Cp+S) (oy+20,) +K/ [HT - [H] (10B)

where S is the nolar concentration of cal cium carbonate
di ssolved, C, is the initial concentration of the dissolved
i norgani c carbon (DIC). Equation 10B is based on the assunption
that the dissolution of 1 eqg/L of calciumcarbonate increases the
al kalinity by 1 eq/L and increases the dissolved inorganic carbon
concentration by 1 nole/L.

Equation 10B is solved for S for a given pH by
substituting known values of initial alkalinity and DI C

Open-t o- At nosphere Equilibrium pH and Cal ci um Concentrati on
The foll owi ng equations are used to cal cul ate the
equi librium pH and equilibriumcal ciumconcentration when cal ci um
carbonate dissolves in a solution that is in equilibriumwth
at nospheri c carbon di oxi de.

2[Ca] + C. + [H] = KHPCOQ(O‘1+20(2)/O‘0 + K/[H] + G (11B)
[Ca] = Kspo‘o/(o‘zKHPcoz) (12B)

C. and C, are the influent concentrations in equival ents per
liter of cations excluding hydrogen, and ani ons excl udi ng

i norgani ¢ carbon speci es and hydroxide, respectively. K, is the
Henry's Law constant in nols/L atm and PCOZ is the parti al
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pressure of carbon dioxide in atnospheres. Equation 11B and
Equation 12B are solved nunerically for the equilibriumcalcium
ion concentration and the pH using known val ues of K,
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Appendi x C
METHYL RED EXPERI MENTS

A series of experinments was performed using nethyl red dye to
check if the solution in the reaction vessel was well-m xed and
if the response tine of the pH el ectrode had an adverse affect on
the recorded results. The dye was prepared by dissolving 1 g of
the sodiumsalt of nethyl red in 1 L of DI water. A1l nL quantity
of this solution was added to 600 nL of experinmental solution in
the reaction vessel. Methyl red is red at |ow pH (pH<4) and
beconmes yellow as the pHis increased above approxinately 7.

A Brinkman di ppi ng probe col orineter (Mdel PC800) equi pped
with a red (545 nanoneter wavel ength) filter was used to neasure
t he absorbance of the solution in the reactor. The col orineter
probe tip was positioned in the vessel in the sanme position as
the bulb of the pH el ectrode but on the opposite side of the
rotating disk. During each run the absorbance readi ngs were
recorded on a high speed, strip chart recorder while the pH
readi ngs were | ogged on a personal conputer.

A calibration curve of normalized absorbance versus pH was
first prepared by stepwise titrating the experinmental solution
(initial pH=4 and ionic strength of 0.079M wth 0.01N KOH The
experinmental solution was stirred using a magnetic stirrer.
Approxi mately 0.2 nL of base was added each step. The pH and
absorbance were recorded after each increnent of base had been
added and the readi ngs had stabilized.

A second calibration curve was prepared using the above
procedure. However, the solution was stirred by the rotating di sk
operating at 400 rpm The disk was covered with plastic wap so
that the |linmestone was not in contact with the solution. A1 nL
vol une of dye was rapidly injected into the stirred solution. The
absor bance readi ng stabilized al nost instantaneously (< 1 s)
indicating that the solution was well m xed. The sol ution was
then titrated wwth 0.01 N KOH, as described above, and the pH and
absor bance recorded.
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Two free drift experinents, using initial pH values of 4 and
5, were conducted with di sks of WM stone dissolving in the
solution and with nmethyl red dye present. The pH val ues recorded
with time were used with the pH versus absorbance calibration
curve (described above) to prepare a plot of absorbance versus
time. This was conpared with the absorbance versus tinme curve
measured during the experinment. The curves obtained with slow
stepwi se titration with strong base and the curves obtained with
di ssolving stone are in good agreenent (see Figure 1C). This
i ndicates that the response tinme of the pH electrode is not a
significant factor in the free drift experinents.

pH

0.0 0.2 0.4 06 0.8 1.0 1.2
ABS/ABSo

Figure 1C pH versus normalized absorbance for nethyl red
titration in the rotating di sk apparatus used to test
the rate of response of the pH nmeasuring system
Curve A and B are for base addition by reagent
di spenser with mxing by nagnetic stirrer and inert
rotating disk. Curve C and D are for cal cium
carbonate dissolution fromthe WM stone with an
initial acidity of 0.1 nmeq/L and 0.01 neq/L

respectively.
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Appendi x D
EQUI LI BRI UM MODEL CALI BRATI ON

The pH val ues measured during a rotating di sk experinent were
substituted in the charge bal ance equation (Equation 10B,
Appendi x B) to cal cul ate correspondi ng val ues of the theoretical
anount of cal ciumdissolved. In Figure 1D, pHis plotted as a
function of calciumion concentration calculated for different
anounts of initial dissolved inorganic carbon concentration (DI C
and cal ciumion concentration neasured by the AAS. For
experiments with 0.01 meg/L of initial acidity, good agreenent
was obt ai ned by solving the charge bal ance equation with sone
anount of initial DIC. In all such experinents the solution seens
to be in equilibriumwth atnospheric CO,. The experi nental
solution was boiled to renove CO, but the solution could have
di ssolved CO, when it was being transferred to the reactor. The
bubbling of the solution by nitrogen before beginning the
experinment coul d have al so di ssol ved sone carbon di oxi de. Once
the experinment was started no further exchange of CO, took pl ace.
This is evident fromthe good agreenent obtai ned between the
nmeasur ed cal ci um and cal ci um concentrati ons cal cul ated by sol ving
t he charge bal ance equati on. The charge bal ance equation is
witten for a closed systemw th no exchange of atnospheric CO.
For the experiments with 0.1 neq/L of initial acidity, the
mneral acidity is much greater than the carbon dioxide acidity,
therefore, DICis still present but it has a mniml effect on
the cal cul ated cal ciumion concentrations.

The cal ci um neasurenents by the AAS were verified by
measuring the alkalinity in sone experinents. Figure 2D, in which
the alkalinity calculated from cal cium nmeasurenents is plotted
agai nst the neasured alkalinity, shows that the cal ci um dissol ved
contributed to all the acid neutralizing capacity neasured in the
experinmental sol ution.
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Figure 1D Measured pH versus neasured cal ci um concentrations

for the SL stone, w= 600 rpmand initial acidity =
0.01 nmeqg/L. The three theoretical curves were
determ ned using the neasured pH, the equilibrium
nodel di scussed in Appendi x B and several assuned
val ues of the initial dissolved inorganic carbon
concentrations (CTC) in the rotating disk reactor
sol uti on.
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Figure 2D Alkalinity calculated fromthe measured cal ci um
concentrations plotted against the neasured
al kalinity. Al experinental points are close to 1:1
l[ine indicating that essentially all the calciumis
derived fromthe dissolution of calcium carbonate.
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Appendi x E
SCOLUBI LI TY PRODUCT DETERM NATI ON

The solubility product of the calciumcarbonate in the W/

SL, AL C F and | stone sanples was determ ned by equilibrating
sanpl es of the stone with quantities of acidified solution in
open beakers. Sanples of stone were broken into coarse granul es
(approximately 0.5 cmin dianmeter) using a nortar and pestle. The
granules were rinsed with DI water and air dried. The surface
area of the granul es was approxi mately 14 cnt.

Four solutions were used in the experinment. Two sol utions had
mneral acidities of 0.01 and two had acidities of 0.10 neq/L.
The background el ectrolyte was 0.079 M KO . The solutions were
stirred with a magnetic stirrer under an open-to-the-atnosphere
condition. The tenperature was 25 + 1°C.

The cal ci um concentration and pH were neasured with tinme as
shown in Figures 1E to 4E. The tenperature was recorded each tine
sanpl es were collected for pH and cal ci um nmeasurenent. The vol une
of the sanples used to determ ne the cal ciumconcentrati on was
1.5 nL. Each sanple was centrifuged for 15 m nutes at 15, 000xg
and then 1 nL of centrifugate was withdrawn with an automatic
pi pette. The calciumion concentration was determ ned by AAS.

At about 600 hours of stirring the pH had been essentially
constant for approximately 50 hours. At this point several
sanpl es were taken for measuring the alkalinity. The alkalinity
was determned using 75 nL of solution nmade by diluting 2 nL of
centrifugate to 100 nL with distilled water.

The measured pH and alkalinity were used to calculate the
carbonate ion concentration with the expression,

[CO] ={0.833[al k+[H]-K/[H]}/ {1+( 2K,/ [H])} (1EB)

where alk is the alkalinity in equivalents per liter and K, is
the second ionization constant of carbonic acid. The nol ar
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Figure 1E Variation of calciumconcentration with tinme in open
batch reactor. Used to determ ne the apparent
solubility product of calciumcarbonate in the SL and
VWM st one sanpl es.

concentrations of cal ciumand carbonate ion were then used in the
foll owi ng equation to determne the solubility product,

Kp = varv[ Ca™] [ COS7] (2E)

where v,, and vy., the activity coefficients for the cal cium and
carbonate ions, were cal cul ated using the Debye-Hickel equation
and I = 0.079. Representative results (pK,, versus tine) are
plotted in Figure 5E. The last 10 or so pK, val ues were averaged
for the sanples analyzed and the results are listed in Table
5.2. 1.

The charge bal ance equation for a system open-to-atnospheric
carbon di oxi de was used with the solubility product equation to
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Figure 2E  pH versus tine results for the experinents of Figure
1E.

check the values of K, determ ned using Equation 2E. The
expressi ons used are,

2[Ca] + [H] =(K{P! ao) (a;+2a;) + K/[H] + [C~] (3B
and

[CaT] = K{ad (@, KiPw)} (4E)

where K, is Henry's | aw constant and PCOZ I's the atnospheric
partial pressure of carbon dioxide, a, a,, and a, are the
ionization fractions for the carbonate system (see Appendi x C)
and [Cl ] is the strong acid anion concentration. The ion product
(K,) of water and the ionization constants for carbonic acid used

86



30

Calcium concentration (mg Call)

Sample | Sample F Sam(gle C Sam}@le A

| | | | |
5
(o] 100 200 300 400 500 600

Time (hours)

Figure 3E Variation of calciumconcentration with time in the
experinments used to determne the solubility product
of cal cium carbonate in stone sanples A, C, F and |

in calculating a,, a,, and a, were corrected for ionic strength.
It was assuned that KPy, = 1047,

Equati ons 3E and 4E were solved nunerically for the
equi libriumcal ciumion concentration and the pH using assuned
val ues of K,,. The best agreenment between the neasured and
cal cul at ed val ues of pH and cal ci um concentrati on was obt ai ned
using val ues of pK,, (8.14 for the WM sanple and 8.29 for the SL
sanple) that are in reasonable agreenent with the val ues obt ai ned

usi ng the nmeasured pH, calciumion concentration and alkalinity
and Equations 1E and 2E.
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Figure 4E  pH neasurenents fromthe experinments used to
determ ne Ksp for stone sanples A, C, F and 1I.
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Figure S5E  Values of pKsp cal cul ated using the cal cium
concentration and pH values in Figures 3E and 4E.
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Appendi x F
CALCI UM | ON DI FFUSI VI TY

A set of rotating disk experinments was used to determ ne the
calciumion diffusivity at 25°C. Rearrangi ng Equation 8A in
Appendi x A and substituting Equation 3A for k, yields,

1/k, = 1.61vY5D 2312 + 1/k_. (1F)

According to Equation 1F, if 1/k, is plotted as a function of
oY% the slope, S, of the straight line fitted to these points is
equal to 1.61vY°D?%2 and the intercept, |, is equal to 1/k. The
magni tude of D and k., can, therefore, be determ ned using,

D= 2.04 VU4 S92 (2F)
and
k, = 12 (3F)

Experiments were perfornmed at 25°C using the WM stone and
initial acidities of 0.1 and 0.01 neq/L. The rotational speed was
varied from400 to 1200 rpm A systematic increase in k, with
I ncreasing rotational speed is shown in Figures 1F and 2F for
constant experinmental conditions.

Val ues of 1/k, fromFigures 1F and 2F are plotted as a
function of w2 in Figures 3F and 4F, respectively. The val ues
of D and k., obtained fromthe slopes and intercepts in Figures 3F
and 4F are listed in Table 1F. The magnitude of Dis 0.93 x 10°
cnt/s for an initial acidity of 0.1 neg/L and 0.50 x 10° cnt/s
for an initial acidity of 0.01 neq/L. While these values differ
by a factor of approximately 2, this difference is not
statistically significant at a 95% confi dence |evel.
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TABLE 1F CALCIUM | ON DI FFUSI VI TY, D, AND k., FOR THE WM SAMPLE

AND 25°C
Initial Acidity D x 10° k. x 10°
(meg/ L) (cnt/ sec) (cnl sec)
0.10 0.93 1.38
0.01 0.50 0. 02

The values of D fromthis study are in general agreenent
with those fromthe literature (see Table 2F). The values of D
listed in Table 2F were averaged and this quantity (D = 0.8 x
10°° cnt/s at 25°C) was used in the analysis of results.

TABLE 2F. CALCIUM I ON DI FFUSI VI TY AT 25°C

Ref er ence | oni c Calciumion diffusivity
Strength X 10° at 25°C
(cnt/ s)
Thi s st udy 0. 079 0.50
0.93
Sj 6berg and Ri chard (1984a) 0.7 0.84
0.7 0. 85
0.7 0.74
0.1 0.79
Wallin and Bjerle (1989) 0.1 0.79
Hodes (1972) 0. 05 0. 85
0.5 0.75
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